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Abstract 
Low-cost thin film modules based on copper antimony tin sulphide (CATS) were introduced for 
solar harvesting to compete for the already developed compound semiconductors. In this study, 
CATS thin films were deposited on soda lime glass using thermal evaporation technique 
followed by a rapid thermal annealing in an argon atmosphere. X-ray diffraction analysis 
revealed that the annealed samples were poly-crystalline and their crystallinity was improved 
with increasing annealing temperature. The constituent elements and their corresponding 
chemical states were identified using X-ray photoelectron spectroscopy. The obtained optical 
band gap for CATS thin film was found 1.58±0.06 eV which is nearly equal the optimal band 
gap value of CIGS and CdTe and  GaAs - one of the highly efficient thin film material for solar 
cell technology. Furthermore, the good optical absorbance and low transmittance of the annealed 
CATS thin films in the visible region of light spectrum assured the suitability of the CATS thin 
films for solar cell applications. 
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 1. Introduction 
Due to the rapid growth of population and extensive usage of electricity-consuming devices, the 
global use of energy is estimated to be as much as thirty terawatts by the year of 2050 [1-2]. The 
production of electricity from sustainable resources is vital to meet this great demand. One of the 
viable solutions is using thin-film solar cells, which are composed of different thin layers with 
various functions and tolerances for their optoelectronic properties on common substrates such as 
glass, polymer or silicon. Although various types of thin film materials are already commercially 
in use for photovoltaic (PV) applications, exploration of novel organic and inorganic thin film 
materials with an enhanced photovoltaic efficiency is greatly demanded [3-4]. The use of 
quantum dot and perovskite solar cell has also impacted the solar cell market in the last five 
years with the tremendous increase in their efficiency. In addition, combinatorial techniques have 
also been applied to obtain an appropriate elemental composition with different compounds [5-
7]. 
   
Inorganic materials for solar cell technologies are of particular interest for commercialization 
because of their high efficiency, reliability and stability compared to those of the organic 
counterparts. To develop highly efficient and low cost inorganic solar cells, the metal-based 
chalcogenide materials have received considerable attention in the past two decades [8]. Among 
these, CuInSe2, CuInS2 (CIS), AgInS2, CuInGaS2 (CIGS), CdTe and Cu2ZnSnS4 (CZTS) have 
been extensively studied due to their high efficiency, ease of fabrication and superior 
optoelectronic properties [9].  However, the shortage of supplies of In, Ga, and toxicity of Se and 
Cd involved in the CIGS, CIS, CZTS, and CdTe are their intrinsic problems. Therefore, a 
considerable amount of research has been dedicated to searching the alternative materials [10-
12]. In this regard, newly developed tin antimony sulphide (TAS) film has shown its potential for 
solar cell applications with its merits of abundance, nontoxic constituents and reasonably good 
performance [13-17]. Besides it has band gap energy from 2.5eV to 1.6eV for the annealed films, 
a high absorption coefficient (10
5
 cm
-1
) and superior photoconductivity values which are more 
appropriate for solar harvesting technology [18]. The inclusion of oxygen impurity in the TAS 
through annealing in oxygen environment was also reported to improve its PV module 
performance [19-21]. However, there are also issues associated with the TAS, such as its high 
resistivity and n-type conductivity etc. [13]. The incorporation of copper in cadmium sulphide 
was also reported to change the conductivity type and increase the carrier mobility and carrier 
concentration [14-16]. 
In this work, we, for the first time as far as we know, explore a low-cost thin film of copper 
antimony tin sulphide (CATS) for application into thin film based photovoltaics. We report the 
influence of Cu content on the microstructure and Cu alloying in the CATS-based absorber layer 
[16]. Moreover, we investigate the post-annealing effects on its properties such as resistivity, 
grain growth and p-type conductivity for CATS thin films, in order to investigate its potential for 
solar cell applications.  
2. Experimental 
Powder of tin sulphide, antimony sulphide and copper sulphide (99.99% purity, Sigma-Aldrich) 
were used for thin films deposition. Soda lime glass substrate (2×2 cm
2
) were rinsed 
ultrasonically by means of acetone/methanol, subsequently cleaning with deionized (DI) water 
and drying with nitrogen gas. A thin film of the CuSbSnS was deposited by co-evaporating 
mixed powders of tin sulphide, antimony sulphide and copper sulphide using a thermal 
evaporator (Edward model E-306). After doing so, the process of the post-annealing was carried 
out on the deposited thin films in a rapid thermal annealing equipment (ASO215R4-5782) for 20 
minutes with different temperatures from 150
o
C to 300
o
C in pure Ar atmosphere. Film thickness 
of the deposited films was measured using a quartz crystal balance fitted inside the vacuum 
chamber and verified using scanning electron microscope. Surface and cross-section 
morphologies of the thin films were characterised using a field effect scanning electron 
microscope (FE-SEM, SU8020 X-Max
N
 Oxford with a 5 kV accelerating voltage). X-ray 
diffraction (XRD) measurements of the thin films were performed using a Siemens D500 
diffractometer. The ultraviolet (UV)-visible-NIR (near infra-red) spectrometer (UV-3101PC) 
was used for optical analysis of the films. X-ray photoelectron spectroscopy (XPS) measurement 
was done via Kratos Axis Ultra X-ray photoelectron spectrometer with Al Kα radiation (1486.6 
eV) source and, 240 μm spot size in the deposition chamber with a base vacuum of 4.0 × 10-9 
Torr. The survey scans were recorded with a pass energy of 160eV, a step size of 1eV and a 
dwell time of 0.1 s, followed by a detailed scan of each element. To fit all the spectra, CasaXPS 
software was used. The resistivity (ρ) and sheet resistance (Rs) of the film samples were 
measured using a Pro-4 four point probe together with a Keithley 2400 source-meter. 
 
3. Results and discussion 
XRD results of the as-deposited CATS thin films and those annealed at different temperatures 
are shown in Fig. 1. The as-deposited sample was found to be amorphous in nature, but with 
increasing annealing temperature the samples showed their polycrystalline structure. All the 
peaks identify polycrystalline nature of the CuSbSnS3 with (1 1 0), (2 1 1), (1 1 1) and (2 0 0) 
diffractions planes.  The crystallite size of the CATS thin films was estimated using the Debye-
Scherrer’s equation [22-23], based on the (2 0 0) peak:  
D =
0.9λ
βcosθ
      (1)  
where D is the crystallite size, 𝜆 is the wavelength of the x-rays used, 𝛽 is the peak width at half 
maximum and 𝜃 is the diffraction Bragg’s angle. The calculated crystallite sizes were about 15 ± 
0.5, 17 ± 0.7, 17 ± 0.8 and 18 ± 0.9 nm for the samples annealed at 150, 200, 250 and 300°C 
respectively. It is clear from the XRD patterns that the intensity of the appeared peaks is 
increasing with increasing annealing temperature, and also the crystallite size of the annealed 
films increase with the annealing temperatures, as shown in the inset figure in Fig. 1. 
 
The surface and cross-section morphology images of the as-deposited and 150 °C, 200 °C, 250 
°C and 300 °C annealed samples are shown in Fig. 2. Clearly, densely distributed particulate 
structures are observed on the surface of the samples. The sample annealed at 150 °C and 200 °C 
(see Fig. 2 (b-c)) contains agglomerated crystallites and irregular arrangements of crystallites on 
the surface of the film, indicating a poor crystallinity. With increasing annealing temperature to 
300 °C, the crystallite sizes increase and become uniformly distributed as shown in Fig. 2 (d-e), 
showing the enhancement of crystallinity and uniformity of the crystals. Fig. 2 (e) shows a 
densely packed microstructure of grains without apparent columnar morphology and appreciable 
voids observed at the glass-CATS thin film interface, indicating a good adhesion between the 
CATS thin film and glass substrate. The average thickness of the thin film calculated from the 
image (Fig. 2f) is ~ 500 ± 20 nm.   
 
 
 The chemical state analysis of the 200⁰C annealed CATS thin film was obtained using XPS. 
Elements of Cu, Sb, Sn, and S are clearly identified from the typical survey spectrum as shown 
in Fig. 3. The high-resolution core level spectra of the identified elements are shown in Figs. 4 
(a-d), corresponding to Cu-2p, Sb-3d, Sn-3d, and S-2p, together with de-convoluted plots (dotted 
and dashed lines).  
The magnified core level spectrum of Cu revealed a 2p doublet as shown in Fig. 4 (a), at binding 
energies of 929.7 and 930.7 eV for Cu 2p3/2, and 949.5 and 950.3 eV for Cu 2p1/2, respectively, 
with a peak separation of 19.8 eV. The two Cu2p doublet peaks show similar chemical shifts 
indicating the formation of a single compound of copper [26-27]. The lower intense peaks at 
binding energies 930.7 and 950.3 eV are close to that of Cu2S but we couldn’t obtain this 
compound peaks from the XRD results, while the dominant peaks at the binding energies of 
929.7 and 949.5 eV did not match those of any ternary compound according to the XPS database 
[25]. The concentration ratio of each peak to the main peak from lower to higher binding 
energies are 54.7%, 11.8%, 22.6% and 10.8% respectively, with the peak areas corrected  using 
the relative sensitivity factor (RSF) are 4331, 935, 1793, and 857 as calculated from CasaXPS 
software. Accordingly, the ratio between the two peaks is estimated to be ~1:3, indicating the 
second peak binding is dominant on the film surface which probably corresponds to the CATS 
compound. Fig. 4(b) display high-resolution spectra for Sb5/2 and Sb3/2 core levels along with the 
de-convoluted plots. The main peaks of Sb are observed at binding energies 529.8 and 538.8 eV 
as marked in Fig. 4 (b), revealing the existence of Sb
3+
 in Sb2S3 [28-29]. The entire component 
peaks were observed at binding energies of 527.5, 528.6, 529.8 and 531.0 eV for Sb 3d5/2 and 
536.8, 537.8, 538.8 and 539.9 eV for Sb 3d3/2 corresponding to the elemental state of antimony 
[25]. The peaks observed at binding energies 527.5 and 536.8 eV are corresponding to the 
elemental state of antimony (Sb) and those observed at 528.6 and 537.8 eV to Sb
3+
 in stibnite 
[23]. The combined peak areas of the component peaks calculated with the RSF corrections 
starting from lower to higher binding energy values are 2574 for Sb and 5392 for Sb
3+
 and hence 
the ratio between them is approximated to be ~1:2. This indicates that Sb
3+
 is dominant on the 
surface of the CATS film. 
The Sn 3d spectra in Fig. 4 (c) show two major peaks at binding energy values of 485.7 and 
494.3 eV corresponding to 3d5/2 and 3d3/2 core levels along with the de-convoluted (dotted lines) 
spectra at 483.7 485.3 and 486.4 eV for 3d5/2 and 492.7, 493.9 and 495.0 eV for 3d3/2 
correspondingly. The peaks appeared at binding energy values of 483.7 and 492.7 eV correspond 
to the elemental state of Sn [24]. Similarly, the peaks observed at 485.3 and 493.9 eV are very 
close to the binding energy values of SnMo6S8 according to the database, with the peak areas of 
8250 and 4490, respectively. Moreover, those peaks appeared at 486.4 and 495.0 eV having peak 
areas of 4326 and 3143, respectively, have not matched with any ternary or quaternary 
compounds in the database [24]. The percentage atomic concentrations of the component peaks 
are 13.1%, 32.2% and 16.8% for Sn 3d5/2 and 7.9%, 17.5% and 12.2% for Sn 3d3/2, indicating the 
ratio is about 1: 3: 2.  
The S 2p core level and corresponding de-convoluted spectra (Fig. 4 (d)) show six distinct peaks 
at 158.8, 160.1, 161.1, 161.8, 162.2 and 162.4 eV binding energies. The values of the binding 
energies for S 2p are consistent with the range for S in sulphide phases [25-26]. The 
corresponding binding energy values for all the CATS elements are in full agreement with those 
in the literature [24-30]. Therefore, combining the results of the binding energy values from the 
XPS and the phases from the XRD we assign the studied phase to be CuSbSnS3.  
 The optical absorbance and transmittance T (%) spectra of the as-deposited and annealed CATS 
samples at different annealing temperatures (150-300⁰C) are shown in Fig. 5 (a, b) with the 
wavelength range from 300-1200 nm. The instrument was calibrated (baseline setting procedure) 
using a bare glass substrate as a reference for the absorbance and transmittance measurements. 
The transmittance spectra of the deposited films are the lowest and almost zero for the samples 
annealed at 250 and 300⁰C in the visible region of the optical spectrum. In the region from 700-
900 nm, an average transmittance of 30% was observed for the sample annealed at 300⁰C, which 
is mainly attributed to the high absorption of antimony, i.e., nearly 50% absorption occurs in the 
region. A decrease in the transmittance (40 to 20%) at a wavelength of 500 to 1200 nm was 
observed with 300⁰C annealing temperature which may be attributed to the structural changes of 
the samples with increasing annealing temperature. The value of the optical band gap of the thin 
films was estimated using a standard Tauc’s Plot equation [31]: 
 
 
(αhν)n = B (hν-Eg)     (2) 
 
where Eg is the optical band gap and n=2, 1/2, 3/2 for direct allowed, indirect allowed and direct 
forbidden transitions, respectively, α is the optical absorption coefficient at frequency 𝜈 and B is 
a constant. The absorption coefficient in the absorbing region can be determined using the 
following relation [13]:   
α = 2.303 
A
d
      (3) 
 
where d is the thickness of the thin films (~500 nm), and A represents the absorbance of the 
samples. Fig. 5 (c) displayed the plot (αhν)n vs. hν (Tauc plot) for the as grown CATS thin film 
and those annealed at different temperatures (150-300 ⁰C), showing a good linear fit with n=2. 
The values of the respective optical band gaps for all the samples were estimated by 
extrapolating the linear region of the plot to α = 0, as displayed in Fig 5(c) and the possible 
errors in the values are displayed in Fig 5(d). The optical band gap values calculated from the 
graphs are in the range of 1.5 to 2.3 eV, with the film annealed at the highest temperature (300 
⁰C) has the lowest Eg value (1.58 eV). This value is almost the optimum value for solar cell 
applications, similar to that of GaAs. Therefore the annealed CATS thin films could be an 
appropriate material for the absorber layer in solar cell applications.  
 
Figs. 6(a) and 6(b) show a plot of electrical resistivity with errors and sheet resistance as 
functions of annealing temperature. A decrease in the resistivity of the samples is observed with 
increasing annealing temperature, which can be accredited to the improved quality of the grains 
and grain sizes of the annealed CATS thin films due to the decreased grain boundaries scattering 
and increase in carrier mobility.  The plot of sheet resistance shown in Fig. 6 (b) confirmed the 
uniformity of the samples.  
 
4. Conclusions  
The CATS thin films were deposited on soda lime glass by thermal evaporation technique.  The 
structural, electrical and optical properties of the fabricated samples were greatly influenced by 
post-annealing in argon gas atmosphere. The crystalline structure, component elements, and their 
chemical states were identified using X-ray diffraction and X-ray photoelectron spectroscopy. 
The results showed that crystallinity and uniformity of the samples were improved with 
increasing annealing temperature. High optical absorbance in the near ultraviolet and visible 
light region and corresponding low transmittance of the post-annealed films in the visible light 
range, assured the suitability of the CATS thin films for solar cell applications. The optical band 
gap of the CATS thin films was found to be 1.58 eV, which is the optimum value for the 
absorber layer in solar cells, being a potential cheap but efficient material for solar cell 
technology. 
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 Fig. 1. XRD patterns of the as deposited and annealed CATS thin films with different 
temperatures in argon gas atmosphere; inet figure shows the calculated crystal sizes as a function 
of annealing temperature  
 Fig. 2. FE-SEM images of CATS thin films (a) as deposited (b) 150 °C annealed film (c) 200 °C 
annealed film (d) 250 °C annealed film (e) 300 °C annealed film (f) cross sectional of 300 °C 
annealed film. 
 
 
Fig. 3. XPS survey spectra of CATS thin film annealed at 200 °C in argon gas atmosphere. 
  
Fig. 4. High resolution spectra of (a) Cu 2p core level, (b) Sb 3d core level, (c) Sn 3d core level 
and (d) S 2p core level of CATS thin film annealed at 200 ⁰C in argon atmosphere. 
 
 Fig. 5. Optical properties of the as deposited and annealed CATS thin films (a) Absorbance (b) 
Transmittance (c) Optical band gap (Tauc plot) 
 
 
Fig. 6. Electrical properties of CATS thin films (a) Resistivity vs annealing temperature (b) 
Sheet resistance against annealing temperature. 
 
